Abstract An experiment was performed on the Shenguang III prototype laser facility to continue the study on hohlraum radiation source with approximately constant radiation temperature using a continuously shaped laser pulse. A radiation source with a flattop temperature of about 130 eV that lasted about 5 ns was obtained. The previous analytical iteration method based on power balance and self-similar solution of ablation was modified taking into account the plasma movements and it was used to design the laser pulse shape for experiment. A comparison between experimental results and simulation is presented and better agreement was achieved using the modified method. Further improvements are discussed.
Introduction
Laser driven hohlraums are widely used as the Xray radiation source in indirectly driven inertial confinement fusion and high energy density physics experiments [1−4] . Radiation sources with approximately constant radiation temperatures i.e. flattop radiation sources are realized using stepped or continuously shaped laser pulses, and were used in the experimental study of radiation transport [5, 6] , radiation hydrodynamics [7, 8] and hohlraum energetics [9, 10] . Experiments were carried out at the Shenguang III prototype laser facility in order to study the capability of laser pulse shaping needed for this type of hohlraum radiation source. The experiment that achieved a 3 ns flattop radiation source was introduced in our previous paper [11] , together with the analytical method based on power balance to design the laser pulse shape. It is of great importance to accurately estimate the laser pulse shape before performing the experiment. Recently, improvements were made on the calculation method and an experiment was performed at the Shenguang III prototype laser facility to achieve a 5 ns flattop.
In the following text, the modified analytical iteration method to calculate the power balance for the constant temperature hohlraum is first introduced in section 2. The experimental results for the 5 ns flattop hohlraum are presented and discussed in section 3. Finally, conclusions are made and further improvements are discussed.
Analytical iteration method
The balance between the laser power that enters a hohlraum and the radiation lost into the ablation of the hohlraum walls and those leaking directly from the laser entrance holes (LEHs) are described using the following equation [12] :
where P L is the laser power and η is the X-ray conversion efficiency, which is taken empirically as η = 0.8t
with a maximum value of 0.95. A W and A LEH are the areas of the hohlraum wall and the LEHs respectively. The hohlraum dimension is designed according to plasma filling [13] and laser entrance criteria. The second term on the right hand side of Eq. (1) is the transient changing rate of radiation energy that fills the hohlraum volume V . This term is much smaller than the other terms in the drive condition discussed in this paper where the laser and the radiation power changed slowly, whose effects are therefore ignored in the present analysis.
The radiation lost in the ablation of the hohlraum wall is simulated using the power law of albedo α, which is defined as the ratio between the X-ray remission from the ablated hohlraum wall and the Xray flux incident into the wall. According to Hammer and Rosen's work on subsonic radiation heat waves [14] , the absorbed radiation flux for the gold hohlraum wall F = 0. 
With the above equations, the hohlraum radiation temperature T R can be calculated iteratively from the laser power P L and vice versa. Suppose that the laser power P L is predefined or measured in the experiment, an initial radiation temperature T (1) R is calculated using power balance by
0.25 , which is derived directly from Eq. (1). The wall temperature is updated by T
(1)
0.25 with which the wall albedo is then calculated using Eq. (2). A new radiation temperature T (2) R is calculated again and the temperatures and albedo are updated iteratively. The iteration error is defined as the relative temperature changes between iteration step i and i+1:
If this error is small enough, the iteration stops and the temperatures T In the analysis of our previous experimental results obtained in 2011, it was found that the temperature curves calculated were dropping faster than the measured ones, as presented in our previous paper [11] . In the present method, the plasma movement which cannot be ignored especially for long pulse driven experiments is taken into account. As the ablated plasma fills the hohlraum, the size of the hohlraum interior, and the diameters of the LEHs are all changing. The hohlraum wall area is calculated by
2 , where the radius R(t) and length L(t) of the hohlraum and the radius of LEH R LEH (t) are replaced by:
respectively, where c s =
m/s is the sound speed of ablated gold plasma, which is calculated with the assumption that ionization Z i ≈ 3.9T 1/3 e [15] with electron temperature T e = T wall . f LEH used in the calculation of R LEH is an adjustable factor smaller than 1, because the LEH is closing with a speed slower than the plasma filling the hohlraum.
Shown in Fig. 1 are the measured temperatures of the previous experiment that created a 3 ns flattop radiation source, together with the recovered temperatures calculated using the present method and the one described in our previous paper [11] . A better agreement between the measurement and the simulation using the present method was achieved with f LEH set to 0, which means that the change of the LEH areas can be ignored in this case. Fig.1 The shaded area is the temperature range from FXRD measurements for 3 ns flattop radiation source [11] . The calculated temperatures using the present modified method and the previous method are shown in the dashed line and solid line respectively
In order to calculate the laser pulse shape to achieve a predefined temperature T * R , another iteration is needed. For a certain time t, an initial laser power is calculated with T * R through power balance:
The laser power P (0) L is confined by the maximum laser power allowed in order to avoid the damage of the optical elements of the laser facility. Beside, a climbing time t c of the laser pulse is defined so that the laser power is further confined by
if t < t c to avoid extremely high laser power and mimic the slow realistic climbing of the laser power. With this laser power as input, the hohlraum temperature is calculated using the iteration method introduced above. For laser power confined by the above conditions, the actual radiation temperature will be lower than T * R initially and rise with time. When t > t c and the laser power is not confined by the optical damage limit, the predefined temperature T * R should be reached. The laser power is updated iteratively using Eq. (7) with areas A W and A LEH calculated taking into account the plasma movements. The iteration error is defined as
The iteration continues until the error satisfies a user-defined criterion.
Experimental results for 5 ns flattop radiation source
An experiment was performed at Shenguang III prototype laser facility to create a hohlraum radiation source with flattop temperature that lasts as long as 5 ns. Eight laser beams were injected into the LEHs of a gold hohlraum with incidence angles about 45 degrees to the hohlraum axis. The total 3ω (351 nm) laser energy was about 5 kJ and the laser pulse was shaped according to an estimation calculated using the iteration method introduced in section 2. The gold hohlraum was 2800 µm in length and 1400 µm in diameter, and the LEHs were 1000 µm in diameter. A flat response X-ray diode (XRD) [16, 17] was installed on the target chamber at 20
• to the hohlraum axis and measured the hohlraum radiation temperature from one of the LEHs. The experimental setup is shown in Fig. 2 . Fig.2 Experimental setup. Four laser beams injected into each of the two LEHs with an incidence angle of 45
• to the hohlraum axis. A FXRD was installed 20
• to the hohlraum axis and measured the X-ray flux from the upper LEH. The upper laser shield is set transparent in order to give a better view of the hohlraum and laser entrance Fig.3 The normalized laser pulse calculated using the iterative method (dashed line) and the normalized laser pulse measured in our experiment (solid line). A good agreement of the pulse shapes was achieved which showed the arbitrary pulse shaping capability of the Shenguang III prototype laser facility Before the experiment, the laser pulse shape was designed using the iterative method introduced in section 2 and the result is shown in Fig. 3 together with the measured laser pulse. In the calculation, the target temperature was set to 130 eV, and a climbing time t c = 800 ps was assumed, and f LEH = 0.5. As shown in Fig. 3 , very good agreement was achieved between the simulated and the measured laser pulse shape. The temperature curve measured using FXRD is shown in Fig. 4 together with the temperature calculated using the above method with measured laser power as the input. Divergence still exists especially after 3 ns if f LEH = 0 which means that the change of the areas of LEHs cannot be ignored for a longer pulse driven experiment. Better agreement was achieved when setting f LEH to 0.5, i.e. the LEH closing speed was about half of the hohlraum plasma filling speed, which is set to c s . The diameter of the LEH at 5 ns was about 770 µm in our simulation. 
Conclusion
The continued study on the hohlraum radiation source with approximately constant radiation temperature is presented. The iteration method based on power balance was modified taking into account the plasma movement, and a better agreement between the measurement and the simulation was achieved. A new experiment was performed on the Shenguang III prototype laser facility to achieve an even longer flattop duration than in our previous work [11] and a hohlraum radiation source with flattop radiation temperature about 130 eV and lasting about 5 ns was obtained. The comparison between experiment and simulation showed that for longer pulse driven hohlraums, the plasma movement and the area change of LEH must be considered.
For even longer pulses, more complex plasma movement is involved, which will influence the laser entrance, cause unwanted laser-plasma interaction and alter the power balance, and thus cannot be described accurately using the analytical iteration method any more. Hence, more sophisticated models or even multi-dimensional radiation hydrodynamic simulation, which includes the plasma movement, realistic laser absorption and Xray conversion physics, will be a better choice. However, those full scale simulations will be time consuming and severe mesh distortion caused by long time plasma movement will need more sophisticated techniques such as the Arbitrary Lagrangian Eulerian (ALE), which involves complicated rezoning and remapping etc. and will be more intricate and expensive to realize [18−20] . Hence, the analytical iteration method introduced in the present paper will still be useful in experiment design. The laser pulse shape estimated using the present method can offer a good initial value for laser pulse shaping in experiments and for more expensive simulations.
